A 240 MeV electron storage ring has been in operation at the Physical Sciences L&oratory of the University of Wisconsin for one year. The storage ring injector is a 50 MeV FFAG electron synchrotron. The bunched beam from the synchrotron is injected into the storage ring in a single turn. Radio-frequency capture is accomplished by using the signal from the bunched beam as the master oscillator during capture.
A 240 MeV electron storage ring has been in operation at the Physical Sciences L&oratory of the University of Wisconsin for one year. The storage ring injector is a 50 MeV FFAG electron synchrotron. The bunched beam from the synchrotron is injected into the storage ring in a single turn. Radio-frequency capture is accomplished by using the signal from the bunched beam as the master oscillator during capture.
Using this method, high capture efficiency is achieved.
A useful consequence of the method of radio-frequency capture is the damping of the coherent synchrotron oscillation instability.
The beam may be accelerated, or decelerated, to any energy within the capability of the ring -10 MeV to 240 MeV. The vacuum system operates at a pressure in the mid lo-lo range allowing lifetimes of many hours for low intensity beams, During the first year of operation several interesting effects have been observed.
Among these were photo etching of metal from the vacuum chamber by synchrotron radiation and enhanced beam loss due to scattering from ions trapped in the electron beam. The beam also exhibits a transverse coherent instability that violates the Courant-Sessler criteria for stability.
Description
The design and construction of the Physical Sciences Laboratory electron storage ring has been reported on previously, 1~ 2 hence only a brief description of the machine will be given here. Figure 1 gives a plan view of the storage ring and Table I gives its parameters.
The injector for the storage ring is a 45 MeV FFAG synchrotron. 3 The bunched beam is extracted from the synchrotron in a single turn and injected into the storage ring. Presently, the injected beam bunch is about 20 nanoseconds long and contains 1010 electrons.
The peak current during the pulse is 200 ma. The maximum injection rate is three per second. 
Performance
Beam is now injected and circulated with essentially no loss. R-f capture can be accomplished by any one of three methods: injection into standing buckets, adiabatic capture, or self capture.
Of the three methods, injection into standing buckets (that is, injecting with the r-f system on) is the least efficient; seldom yielding better than 25% capture. Observations seem to indicate that transient voltages generated in the accelerating cavity by the bunched beam interfere with the capture process. Adiabatic capture, that is slow r-f turn-on after injection, is somewhat more successful.
However, the transient voltages generated in the cavity by the beam interfere with debunching and result in quite long delays before adiabatic capture can begin. In fact, the beam can, under some cavity tuning conditions, rebunch much in the same manner as in a klystron.
The most efficient method is self capture. This is accomplished by picking up the beam bunch signal, ampli&ing it and feeding it into the accelerating cavity in the proper phase. In effect, the beam becomes the master oscillator.
The accelerating cavity, having the narrowest band pass and, therefore, the fastest phase versus frequency characteristic becomes the frequency determining element in the system. Thus, to move the beam radially it is only necessary to change the resonant frequency of the accelerating cavity.
The facts that the beam is bunched at injection, that it is quite relativistic and, finally, that it continually loses energy through syuchrotron radiation make the extreme simplicity of this system possible.
The efficiency of self capture approaches 100% and the effects of the sharply bunched beam interacting with the hi-Q accelerating cavity are greatly reduced by the phase feedback inherent in the system. A number of previously unreported phenomena have been observed.
Of these, perhaps the most striking was photo etching of the interior of the stainless steel vacuum chamber.
The effects of photo etching were first noted when multipacting began to take place in the accelerating gap of the storage ring Further, the r-f seal had been designed so that synchmtron radiation could not reach it. At about this time evidence of photo etching was observed on the entrance slits of one of the monochromators used at the machine. This is shown in Fig. 2 where the photo etched image of the electron beam formed by synchrotron radiation focused on the slits by a grazing incidence mirror may be plainly seen. It was suspected that the same thing had occurred at the r-f seal and that material etched off the vacuum chamber had been deposited on the alumina r-f window forming secondary emission sites that enhanced the probability of multipacting. Upon disassembly of the accelerating gap this was found to be the case. The accelerating gap was modified as shown in Fig. 3 and reinstalled. The ring has operated at considerably higher intensities for some time since with no evidence of multipacting.
A second phenomena, in this case neither unexpected nor unreported, was the occurrence of coherent synchrotron oscillations. This has been reported by all electron storage ring projects. 6,7,8
The usual method of treating this instability is to tune the accelerating cavity so that the beam loading tends to return the cavity to resonance as seen by the r-f source. However, this practice can be wasteful of power and, in the case of multiple r-f cavities, ineffective. * In our case, for reasons to be discussed below, the loss of power was not acceptable.
An alternative method, which seems not to have been used before to damp this instability in storage rings, is to employ phase feedback. This can be done by using the beam as its own master oscillator as discussed above, or by performing a phase comparison between the beam and the cavity and applying the correction signal so derived to the master oscillator.
Both systems have been used on the Physical Sciences Laboratory storage ring with equal success.
Further, the use of such phase locks can damp the instability when it is driven by a parasitic element that cannot itself be tuned. 7 It is worth noting that on the Physical Sciences Laboratory storage ring, the worst offenders in this respect are the clearing electrodes which resonnate just below the eleventh harmonic of the revolution frequency when not terminated properly.
Measurement of beam lifetime carried out when stored beam was first achieved yielded results that were consistent with the pressure in the vacuum chamber; 4-5 hours at an average pressure of 2 x 10Tg torr. However, these measurements were made with quite small beams; <lo7 electrons.
As the beam intensity increased, so did the pressure and the particle loss rate. The increase in pressure was not sufficient to explain the decrease in lifetime.
It was thought initially that this might be the onset of particle-particle scattering (Touschek effect) within the beam bdnch, g but the intensity was much too low and the dependence of lifetime on energy was too small and of the wrong sign: Touschek lifetime goes as Em5* 5 while the observed lifetime goes as E-5. To explain the intensity dependent lifetime, the following argument was made. As the electrons circulate in the machine, iona are attracted to the region in which they move, that is to say the beam becomes neutralized.
If it is assumed that the density of ions everywhere in the channel that the beam travels in can approach the density of electrons in the beam bunch, then the local pressure in the beam channel can become quite high for even a moderate sized beam. In the Physical Sciences Laboratory storage ring, the beam bunch is typically 60 cm long, .05 cm high, and .2 cm wide. Under the assumption above, a circulating beam of 1 ma (2 x lo* electrons) could "see" a local pressure of nearly 10-6 torr in excess of the background pressure in the vacuum chamber.
To see if the anamalous beam lifetime was, in fact, the result of such "over neutralization I1 an experiment was performed in which the vertiLa1 dimension of the beam was artificially increased through r-f knockout techniques.
It was expected that with an increase in the cross sectional area of the beam channel the ion density, and therefore the excess pressure due to the ions, would be decreased and the beam lifetime mrrespondingly increased.
The result of this experiment is shown in Fig. 4 . The change in decay rate is quite apparent.
While driving the beam this way produces coherent motion, the tune variation with amplitude leads to Landau damping.
Thus, a large fraction of the beam moves incoherently.
It is expected that this same technique will be effective in ameliorating Touschek effect when larger beams are stored.
The clearing electrodes in the storage ring would also reduce the lifetime problem due to neutralization if the whole beam could be cleared. However, it was not possible in the Physical Sciences Laboratory storage ring to clear more than about half the beam due to the large fraction of the azimuth taken up by probes, injection system, and accelerating cavity.
It appears that at energies below 150 MeV the most important loss mechanism is single scattering while above this energy inelastic scattering dominates. g These concluDions are based on the following observations.
Below 150 MeV beam lifetime increases rapidly with energy, perhaps as fast as the square, but is quite insensitive to accelerating voltage.
Above 150 MeV, beam lifetime increases as the square root of both energy and accelerating voltage.
Thus, the highest possible accelerating voltage is desirable.
The storage ring fulfills the Courant-Sesslerl' criteria for stability against transverse coherent resistive instabilities in that both tunes can be made to lie in the range ncJx, Jy < n + l/2. However, in circulating beams of lo8 or more electrons at energies of 45 -75 MeV, a coherent vertical instability has been observed. This instability has not been destructive, probably because the intensity of the machine is still low: c 1010 electrons circulating, and therefore has not been investigated. This instability has the interesting property that the beam often splits into two or three pieces separated radially, each piece of beam oscillating in the vertical plane in phase. It does not appear that the whole beam is involved.
It is possible that the clearing electrodes are involved, l1 however terminating them in their wave impedance does not affect the instability.
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